Cell migration initiates by traction generation through reciprocal actomyosin tension and focal adhesion reinforcement, but continued motility requires adaptive cytoskeletal remodeling and adhesion release. Here, we asked whether de novo gene expression contributes to this cytoskeletal feedback. We found that global inhibition of transcription or translation does not impair initial cell polarization or migration initiation, but causes eventual migratory arrest through excessive cytoskeletal tension and over-maturation of focal adhesions, tethering cells to their matrix. The transcriptional coactivators YAP and TAZ mediate this feedback response, modulating cell mechanics by limiting cytoskeletal and focal adhesion maturation to enable persistent cell motility and 3D vasculogenesis. Motile arrest after YAP/TAZ ablation was partially rescued by depletion of the YAP/TAZ-dependent myosin phosphatase regulator, NUAK2, or by inhibition of Rho-ROCK-myosin II. Together, these data establish a transcriptional feedback axis necessary to maintain a responsive cytoskeletal equilibrium and persistent migration.
Introduction
Cells are equipped with cytoskeletal and adhesion machinery that enable motility in response to physical cues communicated at cell-cell and cell-matrix interfaces. Migration is driven by actomyosin force generation, which coordinates focal adhesion (FA) formation, reinforcement, and disassembly (Chan and Odde, 2008; Elosegui-Artola et al., 2016; Wu et al., 2017) . These machinery form a molecular clutch, comprising abundantly expressed proteins capable of producing intracellular tension, cellular polarization, and motility, enabling rapid cellular responses to dynamic stimuli. Cytoskeletal activation also induces mechanosensitive transcriptional programs, but how transcription regulates migration is incompletely understood. Here, we identify a role for transcriptional feedback in actomyosin control of cell migration.
Actomyosin tension is important for forward motility, but alone cannot not produce persistent migration, which requires coordinated actin treadmilling, leading edge adhesion formation, and trailing edge disassembly (Kolega, 2003; Ezratty et al., 2005; Gupton and Waterman-Storer, 2006 ). Thus, negative feedback systems are inherent to migration. For instance, myosin light chain phosphatase (e.g., MLCP) modulates myosin motor activity to tune cytoskeletal tension (Totsukawa et al., 2004; Zagórska et al., 2010; Vallenius et al., 2011) , while FA kinase (FAK) regulates adhesion remodeling (Shen et al., 2005) .
The paralogous transcriptional coactivators yes-associated protein (YAP) and transcriptional coactivator with PDZbinding motif (TAZ or WWTR1) have emerged as important mechanotransducers that couple biophysical cell-cell and cellmatrix cues to mechanotransductive gene expression (Dupont et al., 2011) . YAP/TAZ activity is regulated by subcellular localization, and their nuclear accumulation is induced by tension of the actomyosin cytoskeleton (Dupont et al., 2011; Wada et al., 2011) . These observations position YAP and TAZ as potential key mediators of cytoskeleton-induced transcriptional programs.
Endothelial colony-forming cells (ECFCs) are bloodcirculating endothelial cells (Asahara et al., 1997 ) that exhibit high proliferative and motile capacity and contribute to endothelium repair in vivo (Ingram et al., 2004 (Ingram et al., , 2005 . When cultured in 3D matrices in vitro or transplanted in vivo, ECFCs have vasculogenic activity, characterized by cytoplasmic vacuolation, lumenization, and inosculation with host vasculature (Bailey et al., 2011; Whittington et al., 2013; Medina et al., 2017) we used ECFCs as a model system to test the importance of new gene expression for persistent cell migration and identify YAP and TAZ as mechanosensitive mediators of a transcriptional feedback loop that modulates cytoskeletal tension and FA formation. We found that YAP and TAZ prevent myosin-dependent motile arrest by negatively regulating myosin light chain phosphorylation to enable persistent cell motility. Physiologically, YAP and TAZ were essential for neovascular tube formation, 3D vacuolation, and neovascular sprouting.
Results
Transcription is essential for migration and regulates stress fiber and FA maturation To evaluate directed motility driven by cell-cell and cell-matrix interactions in response to contact-inhibition release, we tracked cell migration over 8 h using the monolayer wound assay (Fig. 1 A) . To decouple the action of existing cytoskeletal function from de novo gene products, we quantified longitudinal wound closure and wound migration rate in the presence of vehicle (DMSO) or inhibitors that prevent mRNA transcription (actinomycin D; 0.1 or 0.25 µg/ml) or protein translation (puromycin; 1 µg/ml), applied 1 h before migration initiation ( Fig. 1  A) . In vehicle-treated cells, wound closure rate reached a plateau, or migratory equilibrium, in ∼2 h. Transcription inhibition significantly reduced wound closure percentage and rate by 8 h after contact inhibition release ( Fig. 1 B) , while translation inhibition significantly slowed migration after 2 h, leading to motile arrest by 8 h.
One possible explanation for delayed loss of cell motility after transcription inhibition is depletion of cytoskeletal components over time. To test this, we evaluated actin polymerization and FA formation by immunofluorescence in leading edge cells. Rather than observing depletion of cytoskeletal components, transcription/translation inhibition significantly increased stress fiber formation ( Fig. 1 C) , actin polymerization ( Fig. 1 , D-F), and FA maturation (Fig. 1, G and H) . Relative filamentous and monomeric actin quantity was computed as F-or G-actin intensity, normalized to control cell intensity, on a per-cell basis (by phalloidin and DNase I, respectively). Prolonged transcription inhibition significant increased F-actin intensity, but did not affect G-actin intensity (Fig. 1 D) . Rather, the fraction of filamentous actin (i.e., F-/G-actin) was significantly increased by both inhibitors (Fig. 1, D-F) . Vinculin recruitment to FAs, measured as FA length, was significantly increased by transcription or translation inhibition (Fig. 1 H) .
Thus, rather than depleting the migratory machinery, inhibition of new gene expression led to abundant cytoskeletal tension and increased FA maturation. This suggests a transcriptional feedback mechanism that modulates cytoskeletal tension and FA dynamics to enable persistent migration.
YAP and TAZ are mechanosensitive in ECFCs
Recent evidence has identified the transcriptional coactivators, YAP and TAZ, as cytoskeletal tension-activated regulators of gene expression (Dupont et al., 2011) . Therefore, we hypothesized that YAP and TAZ mediate this transcriptional feedback.
First, we confirmed that YAP and TAZ are mechanosensors of cytoskeletal tension in ECFCs using collagen-coated extracellular matrices of variable rigidity. Cells were seeded in sparse (8,500 cells/cm 2 ) conditions on soft (1.85 kPa) or stiff (29 kPa) polyacrylamide (PA) or glass overnight followed by fixation and visualization of YAP and TAZ localization by immunocytochemistry (Fig. S1 A) . Consistent with prior reports in other cell types (Dupont et al., 2011) , increased substrate rigidity significantly increased spread cell area and elongation (Fig. S1 , B and C) and increased nuclear localization of both YAP and TAZ (Fig.  S1 D) .
YAP and TAZ cell-autonomously regulate migration and cytoskeletal prestress YAP/TAZ subcellular localization is regulated by cell-cell interactions through the Hippo pathway (Lei et al., 2008) and by cell-matrix interactions through cytoskeletal tension associated with cell spreading (Dupont et al., 2011; Wada et al., 2011; Bergert et al., 2016) .
To track these interactions during cell migration, we quantified cell density and area as a function of position relative to the original wound edge, 10 h after migration initiation (Fig. 2, A and B; and Fig. S1 E) . Cell density remained constant in the cell monolayer at distances >500 µm behind the wound edge, but dropped near the leading edge (Fig. 2 A) . Spread cell area similarly increased, but the effect of the wound on spread area extended only 200 µm into the monolayer. Total (Fig. 2 C) and nuclear ( Fig. 2 D) YAP and TAZ fluorescent intensity increased preferentially in migrating cells beyond the original wound edge (Fig. 2, C and D) . The increase in total YAP/TAZ levels could be explained by increased expression, increased translation efficiency, or by stabilization from proteasomal degradation (Lei et al., 2008; Moroishi et al., 2015) . However, YAP/TAZ mRNA levels were not altered after contact inhibition release (Fig. S2, A  and B) .
To test the combinatorial roles of YAP/TAZ in cell motility, we depleted YAP and/or TAZ using RNAi, reducing protein expression to 27 and 18% of scrambled siRNA controls, respectively (Fig. 2 E; and Fig. S2, C and D) . Control cells closed the 0.5-mmwide gaps within 12 h, but YAP and/or TAZ depletion significantly impaired wound closure, with TAZ and YAP/TAZ depletion nearly abrogating migration (Fig. 2, F and G; and Fig. S2 E) . YAP/TAZ depletion significantly reduced mRNA expression of secreted growth factors and enzymes including CTGF, Cyr61, and SERPINE1 (Fig. S2, F and H ). This suggested that YAP/TAZ activation could stimulate cell migration by induction of secreted angiocrines. However, recombinant reconstitution of these proteins failed to rescue cell motility (Fig. S2 , G and I) and transposition of conditioned medium from either control or YAP/TAZ-depleted cells (Fig. 2 H) similarly had no effect on either control or YAP/TAZ-depleted cell motility (P = 0.99; Fig. 2  I) , suggesting a cell-intrinsic mechanism. Additionally, inhibition of proliferation using the DNA cross-linking agent, mitomycin C (mito C), had no effect on wound closure in either control or YAP/TAZ-depleted cells (P > 0.30; Fig. S2 J) .
Intracellular mechanics dynamically respond to extracellular stimuli like contact inhibition release during migration (Wang Figure 1 . De novo gene expression is essential for actin cytoskeleton and FA dynamics during migration. (A) Confluent ECFCs were serum starved for 2 h, and actinomycin D or puromycin were added 1 h into the serum starve to inhibit transcription and translation, respectively. Monolayers were scratched to form an open "wound" to longitudinally quantify migratory closure. (B) Wound closure percentage, measured as (initial wound area − wound area at 8 h)/initial wound area × 100, and wound closure rate, measured as the distance the cell front moved over each imaging period (µm/h). Background color shows de novo gene expression-independent (gray) and -dependent (blue) phases. n = 19-24; P < 0.025; two-way ANOVA with Tukey's post hoc test. (C) F-and G-actin visualized by Alex Fluor 488 phalloidin, Alexa Fluor 594 DNase I, and nuclei visualized by DAPI. (D) Normalized F-actin and G-actin intensity and F-/G-actin ratio per cell, normalized to DMSO-treated controls. n = 60 cells; P < 0.0001; Kruskal Wallace with Dunn's post hoc test. (E) Western blot of β-actin in F-and G-fractions of ECFC lysate 24 h after actinomycin D. (F) F-/G-actin ratio of β-actin densitometry measurements in F-and G-fractions. n = 3 samples; P < 0.04; two-tailed Student's unpaired t test. (G) Vinculin and nuclei visualized by Alexa Fluor 594 secondary and DAPI. (H) Vinculin + FA length. n = 40 cells; P < 0.009; ANOVA with Tukey's post hoc test. Repeated significance indicator letters (e.g., a-a) signify P > 0.05, while groups with distinct indicators (a vs. b) signify P < 0.05. Summary statistics are represented as mean ± SEM. Box plots show interquartile range with whiskers at minimum/maximum. n.s., not significant; P > 0.05. al., 2002; Polte et al., 2004; Roan et al., 2015) and drive YAP/ TAZ nuclear localization (Dupont et al., 2011; Bergert et al., 2016) . The collective stress imposed by myosin motors on bundled actin fibers is referred to as cellular prestress and can be quantified as apical cell modulus, measured by single-cell nanoindentation (Wang et al., 2002) . We measured apical modulus as a function of migratory distance (Fig. 2 J) . In control cells, apical modulus was elevated at the leading edge of the migrating front (Fig. 2 J) , consistent with tension-induced YAP/ TAZ activation (compare Fig. 2 D) . YAP/TAZ-depleted cells exhibited reduced migration as above, but featured significantly elevated cell modulus compared with controls, both in the monolayer and at the leading edge (Fig. 2 J) .
YAP and TAZ enable ECFC migration and directional persistence Next, we evaluated collective and single-cell motility by live cell imaging ( Fig. 3 and Videos 1, 2, and 3). Control cells migrated directionally, whereas YAP/TAZ-depleted cells remained tethered in place without persistent motion beyond the original cell borders (Fig. 3 A) . Instantaneous, scalar cell migration speed was evaluated on a single-cell basis both for cells at the leading edge and in trailing cells, whose motility depends on contact inhibition release by motion of the leading cells. Control cell migration speed (in both leading and trailing cells) peaked 15 min after wounding and decreased to a minimum after 2 h (Fig. 3 B) before reaccelerating until experiment completion at 10 h. In contrast, YAP/TAZ-depleted cell migration speed was initially lower and then decreased continuously until hour 10. YAP/TAZ depletion significantly slowed migration regardless of leading or trailing position (Fig. 3 C) .
Wound repair and directed angiogenesis in vivo require not only cell movement, but directional migration (Gerhardt et al., 2003) . We therefore quantified instantaneous directionality of individual cells both at the leading edge and in the trailing monolayer. Directionality was defined for each 15-min time interval as the angle, φ(t n − t n−1 ), relative to the wound edge, between an individual cell position at time t n and its prior position at time t n-1 (Fig. 3 D) . Leading edge control cells migrated forward, while trailing cells lagged by 2 h, coinciding with the inflection in migration speed (compare Fig. 3 B) and the time at which transcription inhibition began to reduce cell motility (compare Fig. 1 B) . In contrast, YAP/TAZ-depleted cells had a zero average directionality (Fig. 3 E) and reduced persistence, defined as the ratio of net migration distance to total distance traveled (Fig. 3 F) .
We next asked whether individual YAP/TAZ-depleted cell motility could be restored by control cell contact. YAP/TAZdepleted cells were plated sparsely in a 100-fold excess of control cells and random migration within the mixed monolayer was tracked over time in 2D space (Fig. 3 G) . YAP/TAZ depletion significantly reduced individual cell motility by 43-47%, measured by mean square displacement (Fig. 3 H) and decreased net displacement (Fig. 3 I) compared with control cells in the same mixed monolayer. These data further support a cell-autonomous role of YAP and TAZ in cell migration.
YAP and TAZ are dispensable for microtubule polarization and Golgi reorientation Cell migration initiates by establishment of front-rear cell polarity, determining motile direction (Kolega, 2003) . Cellular polarization requires polarization of the microtubule-organizing center (MTOC) to coordinate microtubule extension and cytoskeletal remodeling and is accompanied by Golgi apparatus polarization (Kupfer et al., 1982) . To determine whether YAP and TAZ regulate migratory cell polarity, we evaluated microtubule network structure and Golgi polarization, defined as orientation of the Golgi apparatus within ±60°of the direction of the wound (Fig. 4, A and B) . Both control and YAP/TAZ-depleted cells had similar microtubule networks that extended from the MTOC to the cell periphery (Fig. 4 F) , and YAP/TAZ depletion had no effect on Golgi polarization in leading edge cells (Fig. 4 C) . 60% of cells at the migratory front featured polarized Golgi in either condition, significantly greater than the random (33%) distribution in nonwounded monolayers (Fig. 4 E) . In the trailing region (Fig. 4 D) , control cells had significant Golgi polarization, but YAP/TAZ-depleted trailing cells did not (P = 0.81; Fig. 4 E) . These data suggest that YAP/TAZ are dispensable for direction sensing and the initiation of motile cell polarization, but are required for directional persistence.
YAP and TAZ regulate cytoskeletal and FA remodeling We found that transcription inhibition caused migratory arrest and increased cytoskeletal polymerization and FA formation. Similarly, YAP/TAZ depletion impaired persistent migration and increased cellular prestress. We therefore hypothesized that YAP and TAZ transcriptionally regulate actin cytoskeletal architecture to enable persistent motility.
Consistent with this, YAP and/or TAZ depletion from migrating cells significantly increased stress fiber size and intensity (Fig. 5, A and B ). YAP and/or TAZ depletion had no effect on normalized, single-cell, F-or G-actin intensity ( Fig. 5 D) ; however, YAP and/or TAZ depletion significantly increased F-and G-actin intensity ratio (Fig. 5 E) .
To test whether YAP and TAZ mediate cytoskeletal feedback in another primary cell type, and in a different context, we examined cytoskeletal architecture in differentiating bone marrow stromal cells (BMSCs) isolated from Osterixconditional YAP/TAZ knockout mice (Kegelman et al., 2018) . As previously described, osteogenic differentiation of BMSCs induces expression of the transcription factor Osterix (Kegelman et al., 2018) . In these cells, homozygous recombination of floxed exon 3 of both YAP and TAZ results in frame shift and premature stop-induced-conditional deletion. Using this model, we induced differentiation of BMSCs toward an osteoprogenitor lineage for 14 d (Kegelman et al., 2018) . Perinuclear stress fibers, measured by line scan intensity across single cells, were significantly increased after YAP and TAZ deletion (Fig. 5, F and G) . These results are consistent with our findings in ECFCs and suggest YAP and TAZ limit cytoskeletal maturation in multiple cell types using orthogonal loss-offunction approaches.
Cell motility requires formation of new FAs at the cell's leading edge and coordinated adhesion disassembly at the trailing edge. To visualize FAs, we immunostained migrating cells for the FA protein, vinculin (Fig. 6 A) . YAP/TAZ depletion increased the total number of vinculin + FA ( Fig. 6 B, left), and simultaneously reduced cell area and increasing cell elongation (Fig. 6 B, right; and Fig. S3, A and B) .
FAs enlarge and lengthen as they mature (Pasapera et al., 2010) . To test the effects of YAP/TAZ depletion on FA maturity, we quantified the number of FAs in 1-10-µm length bins (Fig. 6, C and D) . YAP depletion proportionally increased FA number regardless of length, while TAZ and YAP/TAZ depletion shifted the distribution to larger FAs (Fig. 6 D) , resulting in increased average FA length (Fig. S3 C) . Tyrosine 397 phosphorylated FAK (pFAK) was present in both control and YAP/ TAZ-depleted cells, but was localized to the cell periphery in YAP/TAZ-depleted cells (Fig. S3 D) . YAP and TAZ regulate FA formation and maturation, but do not inhibit adhesion disassembly Observation of live cell migration revealed persistent actin-FA connectivity at the cell trailing edge, resulting in protrusion of actin stress fibers beyond the trailing cell membrane, tethering the cell at the trailing edge (Videos 4 and 5), similar to the integrin-bound microaggregates described in keratinocyte migration (Rigort et al., 2004) . This led us to ask whether YAP/TAZ could regulate FA disassembly. To test this, we quantified internalization of the proangiogenic (Carlson et al., 2008) integrin β1, using an active β1-integrin antibody internalization assay and evaluated β1 recycling by colocalization with RAB7 + endosomes (Fig. 6 E; Arjonen et al., 2012) . YAP/TAZ depletion significantly increased β1-integrin endocytosis (Fig. 6 F) , concomitant with increased FA number (compare Fig. 6 , A-D). Further, upon internalization, the amount of β1-integrin recycling in RAB7 + endosomes remained constant (P = 0.69; Fig. 6 G), suggesting that YAP/TAZ modulate FA formation, but not disassembly or recycling.
YAP and TAZ limit cytoskeletal tension through myosin phosphorylation Cytoskeletal tension and aggregation of actin filaments into stress fibers is mediated by myosin motor force generation and cross-linking, which stabilize FAs (Oakes et al., 2012) . Therefore, we next asked whether YAP and TAZ regulate cytoskeletal remodeling through activation of nonmuscle myosin II. We found that YAP/TAZ depletion increased Serine 19 phosphorylation of myosin light chain (pMYL), which localized to stress fibers, consistent with mechanosensitive recruitment of myosin II to stress fibers (Fig. 6 H; Fernandez-Gonzalez et al., 2009; Luo et al., 2013) . Total MYL was unaffected by YAP/TAZ depletion (P = 0.15), but percent phosphorylation was significantly increased (Fig. 6, I and J) .
We confirmed a functional role for myosin in our model by inhibiting myosin II ADP cycling using Blebbistatin and by inhibiting Rho-associated kinase (ROCK)-mediated phosphorylation of MYL, using Y-27632. Both myosin and ROCK inhibition reduced stress fiber formation and FA maturation in YAP/TAZdepleted cells (Fig. S3 E) . Cytoskeletal tension inhibition had a moderate, but not significant, effect on control cell motility, consistent with other work (Ichida et al., 2011) , but substantially increased YAP/TAZ-depleted cell motility, partially rescuing cell migration (Fig. 6 K) .
YAP/TAZ regulate NUAK2 to control cytoskeletal tension These data suggest that YAP/TAZ mediate feedback control of cytoskeletal and FA dynamics through the Rho-ROCK-myosin II pathway. We performed a meta-analysis of previously published chromatin immunoprecipitation sequencing and gene 
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Journal of Cell Biologyexpression data and identified SNF-like kinase 2 (NUAK2), Rho GTPase-activating protein 28 (ARHGAP28), and ARHGAP29 as YAP/TAZ-dependent target genes (Galli et al., 2015; Shen and Stanger, 2015; Lin et al., 2017; Qiao et al., 2017) . We confirmed that YAP/TAZ regulate these putative targets by reverse transcription-quantitative PCR (RT-qPCR) of ECFC mRNA. Both NUAK2 and ARHGAP28 were significantly increased after YAP/ TAZ depletion, but ARHGAP29 was significantly reduced (Fig. 7 (E) β1-integrin internalization and recycling. Live ECFCs were incubated with antibodies targeting active β1-integrin (10 µg/ml), which were endocytosed for 45 min, followed by acid wash and fixation. Internalized integrin was detected with Alexa Fluor 488 secondary. RAB7 + endosomes were visualized with Alexa Fluor 594 secondary. (F) Total A). Notably, NUAK2 was up-regulated sevenfold in YAP/TAZdepleted cells. NUAK2 expression is induced by cytoskeletal tension to phosphorylate and sequester the myosin-binding subunit (MYPT1) of MLCP, preventing dephosphorylation of myosin II (Zagórska et al., 2010; Vallenius et al., 2011) . Therefore, we chose to orthogonally probe the function of myosin II phosphorylation by perturbing NUAK2 expression.
To better understand the kinetics of YAP/TAZ-dependent gene induction, we examined gene expression at 0, 1, and 12 h after initiation of migration. As expected, YAP/TAZ depletion abrogated inducible expression of the canonical YAP/TAZ-TEAD target genes, Cyr61 (Fig. 7 B) , but also significantly up-regulated NUAK2 at 1 h (Fig. 7 B) , consistent with increased myosin phosphorylation (compare Fig. 6 ). We hypothesized that normalization of NUAK2 expression in YAP/TAZ-depleted cells would partially restore cytoskeletal equilibrium. To test this hypothesis, we delivered siRNA targeting YAP, TAZ, and NUAK2, where we expected that NUAK2 codepletion with YAP/TAZ to normalize NUAK2 expression. Triple depletion of YAP/TAZ/ NUAK2 did not affect YAP or TAZ knockdown efficiency at the mRNA level (Fig. S4 , E and F) or TAZ at the protein level (Fig. S4 , H and I), but normalized NUAK2 mRNA expression (Fig. S4 G) .
NUAK2 codepletion with YAP/TAZ had a significant impact on cytoskeletal morphology, most notably by reducing stress fiber fluorescent intensity in YAP/TAZ-depleted cells (Fig. 7 , D and C). NUAK2 depletion did not alter F-or G-actin intensity or ratio (Fig. 7 E) , but rescued the increase in actin polymerization caused by YAP/TAZ depletion, measured by immunofluorescence (Fig. 7  E) . However, actin polymerization, measured by F-and G-actin fractionation, was only moderately increased (P = 0.08; Fig. 7 , F and G). We orthogonally validated these results by treating YAP/ TAZ-depleted cells with WZ4003, a selective inhibitor of NUAK1/2 (Banerjee et al., 2014; Fig. S4A) . WZ4003 treatment significantly Fand G-actin fluorescence ratio in YAP/TAZ-depleted cells (Fig. S4,  A and B) . These data suggest that YAP-and TAZ-regulated cytoskeletal tension and stress fiber formation through NUAK2, but have a limited effect on actin polymerization per se.
YAP and TAZ spatially control vinculin incorporation into structural FAs via NUAK2 Together, these data implicate YAP and TAZ in feedback control of actomyosin tension through Rho-ROCK-myosin II to prevent cellular tethering at FAs. To evaluate this feedback in structural FAs, we removed poorly adherent FAs by detergent solubilization, leaving the structural fraction (Yamashita et al., 2014) . The composition of the structural FA was determined by immunostaining for vinculin incorporation into FAs in single cells (Fig. 8 A) . YAP/TAZ depletion increased the amount of structural vinculin (Fig. 8 A) . FA size was increased by YAP/TAZ depletion, but NUAK2 codepletion significantly rescued vinculin + FA size (Fig. 8 C) .
FA remodeling and cell-generated traction is spatially controlled and occurs predominantly at leading and trailing edges (Reinhart-King et al., 2003; Totsukawa et al., 2004) . Further, in YAP/TAZ-depleted cells, we observed preferential FA maturation at the cell periphery. Therefore, we subdivided FAs in each cell into peripheral (5 µm from every edge) or central regions (Fig. 8 B) . YAP/TAZ and YAP/TAZ/NUAK2 depletion had no effect on FA number or morphology within the central region of interest ( Fig. 8 C) ; however, peripheral FA length was significantly reduced by NUAK2 codepletion (Fig. 8 C) . We further confirmed these observations using the NUAK1/2 inhibitor WZ4003, which normalized FA morphology in YAP/TAZdepleted cells (Fig. S4 C) . Interestingly, WZ4003 compromised vinculin incorporation into FAs, more so than NUAK2 depletion or WZ4003 treatment in control cells.
YAP/TAZ modulate myosin tension to enable FA polarization YAP/TAZ depletion impaired persistent and directional cell migration, but not MTOC polarization or initial direction sensation. Persistent motility requires that FAs preferentially form at the leading edge, mature in the lamellum, and disengage at the trailing edge (Reinhart-King et al., 2003; Gupton and WatermanStorer, 2006) . To test this, we quantified FA polarization as the distance between the centroid of the nucleus and the centroid of structural FAs (Fig. 8 D) . YAP/TAZ depletion significantly reduced FA polarization, which were restored by codepletion of NUAK2 (Fig. 8 E) . NUAK2 codepletion partially rescued YAP/ TAZ-dependent anchorage release and migration (Fig. 8 F) , but WZ4003 treatment did not (Fig. S4 D) .
YAP/TAZ regulate Serine phosphorylation status of myosin phosphatase We found that YAP/TAZ depletion increased expression of NUAK2, which has been shown to regulate Serine phosphorylation of myosin phosphatase (MYPT1, or PPP1R12A) at Ser 445, 472, and 910 (Yamamoto et al., 2008; Zagórska et al., 2010) . Antibodies to these sites were unavailable, so to test whether YAP/TAZ regulate MYPT1 Serine phosphorylation, we next immunoprecipitated MYPT1 and immunoblotted against total phospho-Serine (Fig. 8, G and H). YAP/TAZ depletion enhanced MYPT1 Serine phosphorylation, but this was not rescued by NUAK2 depletion (Fig. 8 H) . There are nine Serine residues in the human MYPT1 protein that have been shown to have a direct effect on MYPT1 function . Should NUAK2 only regulate MYPT1 phosphorylation at Ser 445, 472, and 910 (Yamamoto et al., 2008; Zagórska et al., 2010) , these changes may be masked by other phosphorylation sites also marked by the general p-Serine antibody.
YAP and TAZ are essential for endothelial vacuole formation, tubulogenesis, and sprouting angiogenesis ECFC vacuole formation is sensitive to 3D matrix mechanical properties (Bailey et al., 2011) . We cultured ECFCs in oligomeric collagen matrices containing native cross-links conducive to vacuole formation in vitro and in vivo (Bailey et al., 2011; Whittington et al., 2013) . YAP and TAZ depletion completely abrogated 3D vacuolation and interconnected vasculogenic network formation in oligomeric collagen matrices (G' = 132 Pa; Fig. 9 A) . Similarly, in the matrigel tubulogenesis assay, YAP and/or TAZ depletion combinatorially reduced tubular network length and number (Fig. 9 , B and C), with a greater effect of TAZ versus YAP depletion, consistent with their effects on cytoskeletal dynamics.
ECFCs have potential as an autologous or allogeneic cell source for vasculogenic therapies (Ingram et al., 2004 (Ingram et al., , 2005 . To evaluate YAP/TAZ activation during transplanted ECFC vasculogenesis in vivo, we implanted human ECFC-laden collagen matrices in the subcutaneous space of NOD-scid mice. Establishment of a functional human neovascular plexus that inosculated with the host vasculature was demonstrated by confocal reconstruction of human CD31 + vessels that costained 
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with intravenously perfused Rhodamine-labeled UEA-I lectin (Fig. 9 D) . Immunostained human neovasculature revealed nuclear YAP/TAZ and robust expression of target genes CTGF and Cyr61 in vivo (Fig. 9 E) . Finally, we evaluated the transcriptional role of YAP and TAZ in angiogenic sprouting ex vivo using verteporfin (VP), a selective inhibitor of the YAP/TAZ-TEAD transcriptional complex (Liu-Chittenden et al., 2012) . Treating ECFCs with 2 µM VP reduced YAP and TAZ expression as well as the canonical target genes CTGF, Cyr61, and SERPINE1, consistent with the effects of YAP and/or TAZ (siRNA; Fig. S5 A) . However, contrary to YAP and TAZ depletion, VP significantly reduced NUAK2 expression (siRNA; Fig. S5 A) . Regardless, VP treatment reproduced the cytoskeletal and FA defects caused by RNAi depletion of YAP/ TAZ (Fig. S5, B-D) . Like YAP/TAZ siRNA, VP treatment had no effect on F-or G-actin intensity (P > 0.11), but increased the ratio of F-and G-actin fluorescent intensities (Fig. S5 C) .
To evaluate YAP/TAZ function during sprouting angiogenesis ex vivo, we quantified vessel outgrowth in the aortic sprout assay. VP treatment of vessel explants significantly reduced nonvessel cellular outgrowth, a measure of 3D cell migration (Fig. 9 , F and G) and reduced neovessel length (Fig. 9 H) .
Discussion
Whether existing proteins are sufficient to maintain migration, independent of transcription, is a matter of debate (Weiss and Chang, 1973; Chen et al., 1994) . Here, we show that de novo gene transcription is essential for persistent ECFC motility and identify the transcriptional coactivators YAP and TAZ as regulators of migration through cell-intrinsic feedback control of Rho-ROCK-myosin II activity, partially through transcriptional repression of the MLCP regulator NUAK2 (Fig. 9 I) . We validated the role of the Rho-ROCK-YAP/TAZ-NUAK2 signaling axis using RNAi and pharmacological inhibitors. Depletion or inhibition of MLCP regulatory kinase NUAK2 as well as myosin II/ROCK inhibition partially restored cell motility by relieving cytoskeletal tension. Notably, YAP/TAZ depletion, YAP/TAZ-TEAD inhibition, and global transcriptional/translational inhibition consistently increased stress fiber and FA maturation and arrested cell motility. Together, these data demonstrate that cytoskeletal dynamics, initiated by cell migration, activate YAP and TAZ to drive a transcriptional regulation program that feeds back to modulate cell mechanics, maintain a responsive cytoskeletal equilibrium, and prevent migration arrest.
Cells require new gene expression to replace consumed or degraded proteins. However, we found that transcription inhibition causes eventual motility arrest, not due to depletion of the components of the molecular clutch, but rather through dysregulated cytoskeletal tension and FA maturation. This is consistent with the reported stability of the molecular clutch proteins. For example, vinculin and talin have a half-life of 18-21 h (Lee and Otto, 1996) , and β-actin has a half-life of 48 h (Antecol et al., 1986) , while myosin contractile motors in muscle are stable for days (Martin et al., 1977) . Consistent with this, stress fiber and FA formation continued during long-term transcription inhibition. Further, myosin tension generation and FA reinforcement occurs more rapidly than de novo protein synthesis (Polte et al., 2004; Elosegui-Artola et al., 2016) . However, immediate early genes are transcriptionally up-regulated during migration and enhance cell motility (O'Brien et al., 1990; Ryseck et al., 1991; Pepper et al., 1992) . These observations led us to explore the transcriptional mechanisms that modulate cytoskeletal remodeling to enable persistent motility.
We found that YAP/TAZ mediated transcription-moderated cytoskeletal mechanics, and YAP/TAZ depletion or inhibition phenocopied global transcription inhibition. Thus, we conclude that YAP and TAZ act to dissipate cytoskeletal tension in part through a cell-intrinsic feedback mechanism dependent on NUAK2 control of myosin II activation. Some recent reports implicate YAP in feed-forward promotion of cytoskeletal tension (Lin et al., 2017; Nardone et al., 2017) , potentially through outside-in feedback through regulation of extracellular matrix (ECM) production and subsequent mechanosensation (Calvo et al., 2013; Liu et al., 2015; Porazinski et al., 2015) . In contrast, our data are consistent with evidence from cells that do not produce extensive ECM, implicating YAP/TAZ-mediated ARH-GAP expression in suppression of actin polymerization and cytoskeletal tension (Qiao et al., 2017) . While it is clear that the functions and relative roles of YAP and/or TAZ are cell type-and context-dependent, synthesizing available data, we conclude that YAP/TAZ mediate both cell-autonomous and outside-in feedback systems to modulate cell and tissue tension.
Here, we identify a cell-autonomous feedback pathway by which YAP/TAZ suppress cytoskeletal tension by regulating myosin II, verified through orthogonal mechanical and biochemical measurements. We further validated this negative feedback system through both loss-of-function and rescue experiments featuring pharmacologic, RNAi, and conditional deletion-based approaches, and we identify the YAP/TAZ-TEAD-dependent target gene, NUAK2, as a novel negative regulator of cell migration through cytoskeletal tension in ECFCs. We identify YAP/TAZ-mediated repression of NUAK2 as a key modulator of cytoskeletal tension. These data both conflict and conform to previously published literature (Lin et al., 2017; Qiao et al., 2017) , but support the common hypothesis that YAP and TAZ can act both as coactivators and corepressors of gene expression, depending on cell type and environment Otsubo et al., 2017; Goto et al., 2018) . While YAP/TAZ depletion largely recapitulates the effects of global transcription inhibition, other mechanotransductive factors may contribute to parallel or interacting feedback loops. For example, the transcriptional coactivator MRTF transactivates serum response factor-dependent gene expression, including actomyosin genes, MLC2 and β-actin, and FA components talin, vinculin, and zyxin (Medjkane et al., 2009; Esnault et al., 2014) . Similarly, AP-1 transcribes cytoskeletal regulator gelsolin-like capping protein while down-regulating fibronectin (Ozanne et al., 2007) . Interestingly, there is significant overlap between MRTF, AP1, and TEAD occupancy at inducible genes (Enzo et al., 2015; Kim et al., 2017b) . Thus, transcriptional mechanotransductive mechanisms may be interdependent, and further study will be required to clarify how complex multitranscription factor dynamics tune the cytoskeleton to regulate motility and mechanosensation.
YAP and TAZ can have either convergent or divergent functions depending on context. Global deletion of YAP is embryonic lethal, due to impaired vasculogenesis, whereas TAZ knockout mice survive birth, but only 50-65% reach adulthood due to polycystic kidney disease (Hossain et al., 2007) . In vivo evidence from our group and others have found that YAP versus TAZ functional redundancy is cell type specific. For example, YAP is essential, but TAZ is dispensable, during cardiac development (Xin et al., 2013) , while YAP and TAZ are combinatorial in bone development (Kegelman et al., 2018) . Interestingly, we observe a greater effect of TAZ ablation in ECFCs. These data are consistent with recent descriptions of the roles of YAP and TAZ in endothelial cell migration and vascular integrity (Neto et al., 2018) . However, others have observed an increase in HUVEC migration when YAP is restricted to the cytosol, in implicating a cytosolic YAP-CDC42 signaling axis, though the mechanism remains unclear (Sakabe et al., 2017) . Consistent with this, we found that selective inhibition of YAP/TAZ-TEAD interaction with VP increased cytoskeletal tension, but not through overexpression of NUAK2, suggesting either additional transcriptional targets or potentially complementary, cytosolic roles for YAP and TAZ. While further research will be necessary to dissect potentially distinct coeffector interactions or transcriptional targets of YAP and TAZ, these data contribute to the emerging evidence of crosstalk between transcriptional activity and cytoskeletal dynamics.
This study provides new mechanistic understanding to explain recent observations regarding the roles of YAP and TAZ in retinal angiogenesis, liver vascularization, and hindbrain hemorrhage (Sakabe et al., 2017) . Prior data implicates defects in proliferation (Shen and Stanger, 2015) , tip cell sprouting Sakabe et al., 2017; Wang et al., 2017) , and vascular integrity (Kim et al., 2017a) . Our findings establish a new YAP/ TAZ-Rho-ROCK-myosin II feedback axis as a critical mechanism for neovascular function and points to transcriptionalcytoskeletal feedback as a key regulator of cell motility.
Materials and methods

Cell culture and transfection
ECFCs were cultured as previously described (Ingram et al., 2004 (Ingram et al., , 2005 . In brief, ECFCs were seeded on collagen (5 µg/ cm 2 )-coated tissue culture polystyrene and maintained at 37°C and 5% CO 2 in endothelial growth medium (EGM-2 with bullet kit; Lonza; CC-3162) supplemented with 1% penicillin/streptomycin (Corning) and 10% defined fetal bovine serum (Thermo Fisher), referred to as full medium. ECFCs were released from culture dishes using TrypLE Express (Gibco) and used between passages six and eight.
Murine BMSC isolation and differentiation Mouse BMSCs were isolated from either WT or Osterixconditional YAP/TAZ knockout mice and cultured at 37°C and 5% O 2 in medium supplemented with 10 ng/ml fibroblast growth factor (FGF-2; Rodda and McMahon, 2006; Caroti et al., 2017; Kegelman et al., 2018) . In brief, mice were anesthetized by isoflurane inhalation (2%) and euthanized via cervical dislocation.
Long-bone samples were dissected, and marrow cavities were flushed out into a tissue culture plastic flask for 3-5 d. BMSCs were initially isolated and cultured at 5% O 2 in RPMI1640 with 20% fetal bovine serum (Sigma), 10 ng/ml basic FGF (Austral Biologicals), 1% penicillin-streptomycin, and 1 mg/ml doxycycline. After P1, BMSCs were cultured at 5% O2 in DMEM expansion media with 20% fetal bovine serum, 10 ng/ml basic FGF, 1% penicillin-streptomycin, and 1 mg/ml doxycycline. BMSCs were then seeded at 21% O 2 into 6-well plates (9,000 cells/cm 2 ) and allowed to adhere for 24 h before being switched to osteogenic induction medium, composed of DMEM, 10 mM β-glycerophosphate, 100 nM dexamethasone, 50 µM ascorbic acid, 10% fetal bovine serum, and 1% penicillin-streptomycin, without doxycycline or FGF-2. The osteogenic medium was changed every other day before fixation for immunofluorescent staining.
ECFCs were depleted of YAP and TAZ using siRNA-loaded lipofectamine RNAimax (Invitrogen) according to the manufacturer's instructions. In brief, ECFCs were seeded on collagencoated, 6-well plates, 10 5 cells per well, in antibiotic-free medium and kept in culture for 24 h followed by transfection at ∼50% confluence. Transfection was performed using a final concentration 0.3% (vol/vol) lipofectamine RNAimax with 15 pM RNAi duplexes (custom oligonucleotides; Dharmacon) per well. Transfected ECFCs were used 24-48 h after transfection.
ON-TARGET plus nontargeting siRNA and SMARTpool NUAK2 siRNA (L-005374-00-0005) were obtained from Dharamacon. Custom siRNA were created based on sequences previously described (Dupont et al., 2011) : YAP 1, sense, 59-GACAUC UUCUGGUCAGAGA-39, and YAP 1, anti-sense, 59-UCUCUGACC AGAAGAUGUC-39; YAP 2, sense, 59-CUGGUCAGAGAUACUUCU U-39, and YAP 2, anti-sense, 59-AAGAAGUAUCUCUGACCAG-39; TAZ 1, sense, 59-ACGUUGACUUAGGAACUUU-39, and TAZ 1, anti-sense, 59-AAAGUUCCUAAGUCAACGU-39; TAZ 2, sense, 59-AGGUACUUCCUCAAUCACA-39, and TAZ 2, anti-sense, 59-UGU GAUUGAGGAAGUACCU-39.
Collagen synthesis and characterization
Collagen oligomers and monomers were synthesized and polymerized as previously described Bailey et al., 2011; Whittington et al., 2013) . In brief, porcine skin collagen was isolated using acetic acid extraction, yielding a viscous collagen composition containing both oligomeric and monomeric collagen (Critser et al., 2010) . Monomeric collagen was purified by salt precipitation, selectively removing oligomeric collagen from the solution (Whittington et al., 2013) .
Collagen mechanical properties were defined as previously described . Storage and loss moduli were measured in oscillatory and shear and compression on a stress controlled AR2000 Rheometer (TA instruments). Collagen samples were polymerized in situ at 37°C for 30 min and then tested with a shear strain sweep from 0.01 to 5% at 1 Hz. Following the strain sweep compressive modulus (E c ) was measured in unconfined compression at a strain rate 20 µm/s (2.76% strain per second). Stress was calculated as the normal force divided by plate area (12.57 cm 2 ). E c was then calculated as the slope of the stress strain curve.
Animal handling
All animal experiments were approved by the Institutional Animal Care and Use Committee at the University of Notre Dame and Indiana University School of Medicine. 10 6 cord blood-derived ECFCs were resuspended in 250 µl collagen gel (G' = 200 Pa; Geniphys; Standarized Oligomer Polymerization kit) plus 10% human platelet lysate (Cook) on ice and then polymerized for 30 min at 37°C in a well of 48-well plate. Matrices were covered with 500 µl culture medium until transplantation. Cellularized matrices were transplanted into the abdominal flanks of 6-12-wk-old NOD-scid immunodeficient mice, anesthetized by inhaled isoflurane under aseptic conditions. After 14 d, 100 µl of Rhodamine-labeled Ulex europaeus Agglutinin I (UEA I; referred to in this paper as lectin; Vector Laboratories) were intravenously injected into the transplanted mice 30 min before the mice were euthanized. The grafts were collected from the mice and fixed in 4% paraformaldehyde at 4°C overnight and prepared for immunofluorescence or paraffin embedding.
Whole mouse aortas were extracted as previously described (Baker et al., 2012) . In brief, 4-6-wk-old C57BL/6 mice with or without the mTomato/mGFP (mTmG) transgene were anesthetized by inhalation of 5% isoflurane in oxygen, followed by physical euthanasia by bilateral thoracotomy. Whole aortas from the aortic arch to the abdominal insertion were extracted and cleaned of fat and branching vessels and then flushed with dPBS containing 10 U/ml of heparin sodium (Hospira). Aortas were sectioned into 0.5-mm rings and serum starved overnight in EBM-2 with 1% penicillin/streptomycin. Aortic rings were encapsulated in oligomeric collagen (G' = 132 Pa) in 96-well plates with full medium containing either VP (Sigma) or an equal volume of DMSO (Sigma). Fluorescent z stacks of aortic rings expressing mTmG were taken with a Leica DMi8, 0, 3, and 6 d after polymerization. Sprouting aortas not expressing mTomato were fixed with 4% paraformaldehyde for immunofluorescence.
PA hydrogels PA hydrogels were prepared as previously described (Damljanović et al., 2005) with slight modifications. In brief, 24 × 50-mm no. 1 glass coverslips were washed with soap and water and rinsed in ethanol. Coverslips were functionalized using 0.5% (vol/vol) 3-(Trimethoxysilyl)propyl methacrylate (Sigma) in ethanol. Coverslips were cut to 24 × 20-mm sections to fit in 6-well plates. PA precursor solutions were prepared from 40% acrylamide (EMD Millipore), 2% Bis-acrylamide (Amresco), tetramethylethylenediamine (Thermo Fisher), and ammonium persulfate (Amresco). 45 µl of PA precursor solution was pipetted on to hydrophobic glass slide and topped with the functionalized glass coverslips and allowed to polymerize for 30 min.
Hydrogels were functionalized with ECM using techniques described previously (Damljanović et al., 2005) . Hydrogels were first treated with hydrazine hydrate (Sigma) overnight then washed with deionized water followed by 1 h in 5% (vol/vol) acetic acid then 1 h in deionized water. Collagen (MP Biomedicals) in 50 mM sodium acetate buffer (pH 4.5; Sigma) with 4 mg/ml sodium (meta)periodate (Sigma) for half an hour in the dark. ECM was then applied to the hydrazine hydrate functionalized hydrogels for 1 h. Hydrogels were thoroughly washed in deionized water and equilibrated in PBS overnight. Hydrogels were sterilized for 15 min under a germicidal UV lamp and then washed in EBM-2 and equilibrated in full medium for at least 8 h. For immunofluorescence experiments, 8.5 × 10 3 cells per cm 2 were seeded per hydrogel.
Migration assays
Migration assays were performed on confluent layers of transfected and/or inhibitor-treated cells. 24 h after transfection cells were washed twice in endothelial basal medium (EBM-2) and then serum starved in EBM-2 for 2 h. The collective migration wounding assay was performed as described previously (Boerckel et al., 2014) . Migration was initiated by scratching monolayers were vertically and horizontally with the tip of a 200-µl pipette tip, followed by two washes in EBM-2 and addition of full medium. Actinomycin D (Sigma), puromycin (Sigma), WZ4003 (MedChem Express), Y-27632 (Tocris), and Blebbistatin (Sigma) were added into basal medium, 1 h after starting serum starvation and in full medium after initiation of migration. VP (Sigma) treatment in conjunction with serum starvation resulted in significant cell death, instead cells were treated with VP containing media only, without serum starvation. ECFCs were treated with mito C (Tocris) diluted in basal media during the serum starve, before migration. Phase images of migration were taken on a Leica DMi8 or Zeiss Axio Observer Z1. After 8-12 h cells were fixed for immunofluorescence.
Live migration was performed on ECFCs expressing mTomato or EGFP in confluent or sparse conditions on collagencoated 35-mm dishes. GFP-expressing ECFCs were transfected with nontargeting control siRNA, whereas mTomato-expressing ECFCs were transfected with siRNA targeting YAP and TAZ. Cells were seeded in a polydimethylsiloxane stencil with 3 × 5-mm channels separated by 0.75-mm gaps. 2 h after plating, the barrier was released, and seeded regions were imaged in 15-min intervals for 10 h using a Zeiss Axio Observer Z1 inverted microscope with an automated stage. Cells were maintained in an incubation chamber at 37°C, 5% CO 2 , and 95% relative humidity for the duration of the experiment.
Immunoprecipitation
ECFCs were grown to confluence on collage-coated 10-cm tissue culture dishes. Cells were washed once in PBS and then lysed in ice cold radioimmunoprecipitation assay (RIPA; Cell Signaling) buffer containing protease phosphatase inhibitor (Cell Signaling). Lysate was homogenized passing through a 22-G needle. Lysate was cleared of debris at 1,000 g for 10 min at 4°C. Total monoclonal mouse anti-MYPT1 (1:50; Santa Cruz; sc-514261) was incubated for 1 h followed by addition of protein G PlusAgarose-conjugated beads (1:50; Santa Cruz; sc-2002) at 4°C overnight. Beads were pelleted and washed with RIPA buffer containing protease phosphatase inhibitors five times. Beadbound MYPT1 was then resuspended in 40 µl of 2× SDS buffer (Sigma) and used for SDS-PAGE and immunoblot against total p-Serine.
Immunofluorescence Cells were washed twice in EBM-2 and fixed in 4% paraformaldehyde (Alfa Aesar) diluted in cytoskeletal stabilization buffer containing 10 mM 2-(N-morpholino) ethanesulfonic acid, 150 mM potassium chloride, 3 mM magnesium chloride, 2 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid, and 0.3 M sucrose for 20 min at room temperature. Cells were permeabilized and blocked in PBS containing 0.03% Triton X-100 (Amresco) with 5% goat serum (Cell Signaling) for 1 h. Isolation of stable FAs in situ was done by adding 0.05% Triton X-100 to the cytoskeletal stabilization buffer to remove the soluble and weakly adhered fraction of FAs, as described previously (Yamashita et al., 2014) . Integrin endocytosis assay β1-integrin endocytosis was performed as previously described (Ezratty et al., 2005) Integrin internalization was performed on ECFCs sparsely plated on collagen-coated glass coverslips. 24 h after transfection coverslips were inverted on to 50-µl full medium droplets with β1-integrin antibody (10 µg/liter; Abcam; 12G10) on UV-sterilized parafilm. Coverslips were then placed a 4°C for 45 min to allow β1-integrin antibody to target active surface integrins while preventing active integrin endocytosis. Coverslips were returned to 6-well plates with prewarmed full medium and washed three times with full medium at 37°C for 30 min to allow internalization of integrin-antibody conjugates. Coverslips were washed three times in 4°C EBM-2, pH 4.0, to denature any remaining surface-bound antibodies. Cells were briefly washed with physiological pH EBM-2, pH 7.4, twice, then fixed as previously described in cytoskeletal stabilization buffer. Antibody detection and additional immunostaining was performed as described in the previous section.
Single-cell nanoindentation ECFC stiffness at different distances from the leading edge of migrating cells was tested using a PIUMA CHIARO nanoindenter system (Optics 11; Casey et al., 2017) . A colloidal probe cantilever with a tip radius and spring constant of 9.5 µm and 0.068 N/m, respectively, with a loading velocity of 2 µm/s was used in this study. Before testing, the sensitivity calibration of the cantilever was conducted by indenting a hard surface (i.e., a Petri dish). In brief, cell stiffness at the leading edge of the wound and in 100-µm bins from the leading edge were tested. Two control and three YAP/TAZdepleted samples were tested with a total indentation of 15-32 cells at each measuring location. A customized MATLAB code (The MathWorks, Inc.; Casey et al., 2017) was developed to determine contact points between the probe and cells and to identify Young's moduli of the cells using the Hertz contact model
where F is applied force, δ is indentation depth, R is the radius of the colloidal probe, and E is Young's modulus of the cells. The cells were assumed to be incompressible (i.e., Poisson's ratio of 0.5).
Immunohistochemistry
Collagen matrices containing lectin-labeled endothelial cell were stained with 1:100 Alexa Fluor 647-conjugated mouse antihuman CD31 antibody (BD Pharmigen clone WM59) at 4°C overnight. Next, the samples were cut into 0.3-0.5-mm thick pieces and mounted onto Superfrost Plus Gold microscope glass slides (Thermo Fisher) with ProLong Gold Antifade solution with DAPI (Thermo Fisher). Fluorescent pictures of vessels were taken on an Olympus II confocal microscope. Paraffin-embedded tissues were sectioned, deparaffinized, and rehydrated. Heat-induced epitope retrieval was performed by incubating sections in sub-boiling 10 mM citrate buffer, pH 6.0, for 10 min, followed by washes in deionized water. Non-specific binding was blocked using horse serum from the Vectastain elite avidin-biotin conjugation kit (Vector; ABC kit) and endogenous peroxidase activity was quenched using 0.3% hydrogen peroxide in deionized water. Sections were incubated overnight 4°C with antibodies targeting YAP (1:400), TAZ (1:400), CTGF (1:400), or Cyr61 (1:400). The ABC kit universal secondary and biotinylated HRPcontaining reagents were added according to the manufacturer's instructions. Antibody conjugation was detected using ImmPACT DAB peroxidase substrate. Sections were counterstained with hematoxylin and eosin (Sigma), coverslipped, and imaged with a Nikon 90i.
F-/G-actin fractionation
Filamentous and monomeric actin were isolated from ECFCs using the In Vivo F-/G-Actin Isolation kit (Cytoskeleton Inc.) according to the manufacturer's instruction. ECFCs were lysed in prewarmed actin stabilization buffer and collected for ultracentrifugation at 37°C, 100,000 g for 1 h, pelleting the multimeric, filamentous actin, leaving the monomeric actin in the supernatant. The F-actin containing pellet was resuspended in depolymerization buffer to the same volume as the monomeric supernatant. Both actin fractions were then subjected to SDS-PAGE, and total β-actin in each fraction was analyzed by fluorescent Western. Data are reported as the ratio of F-actin to G-actin fluorescence.
Western blot Cells were washed in ice-cold dPBS, then lysed in 2× lammeli buffer (Alfa Aeasar), 24-30 h after transfection. Lysate was denatured by boiling samples for 5 min, followed by centrifugation at 12,000 g for 15 min. Lysate was separated based on molecular weight using electrophoresis on precast 4-12% Clearpage SDS gels (CBS Scientific) in conjunction with a low-range molecular weight ladder (Amresco) in TEO-tricine running buffer (CBS Scientific). Proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Amresco) in Tris-glycine transfer buffer (CBS Scientific). Membranes were washed in TBS with 0.05% tween-20 (TBST; GeneTex), blocked in 5% BSA in TBST for 1 h, and incubated overnight at 4°C with primary antibodies targeting YAP (1:250), TAZ (1:1,000), or GAPDH (1:2,000) diluted in blocking buffer. The following day, membranes were washed in TBST, followed by incubation with HRP-conjugated secondary (1:3,000; Cell Signaling; 7074) for 1 h at room temperature, washed in TBST, and detected with chemiluminescent substrate (Pierce). Images were taken on Chemi-Doc It 2 (UVP), and densitometry of bands were performed on UVP Chemi-Doc It software; semiquantitative comparisons were made after normalizing to GAPDH. Membranes were stripped using a mild stripping buffer, pH 2.2 (1.5% glycine, 1% tween-20, and 0.1% SDS; Amresco), twice, followed by repeated washes in PBS and TBST.
Fluorescent western was performed on F-and G-actin fraction experiments and in TAZ protein-level quantification after triple depletion of YAP, TAZ, and NUAK2. In brief, cells were lysed in RIPA buffer (Cell Signaling) homogenized by passage through a 22-G needle and mixed with SDS loading buffer (Sigma). Samples were processed for SDS-PAGE using 4-12% Bolt Bis-Tris gels (Invitrogen) in morpholino propane sulfonic acid running buffer (Invitrogen). Proteins were transferred from gels to low-fluorescent PVDF (Biorad) with Tris-Glycine buffer (Biorad). PVDF was blocked in either fluorescent blocking buffer (LI-COR Biosciences) or 5% BSA diluted in TBS. Primary antibodies p-Serine (1:40,000; Abcam; ab9332), β-actin (Cytoskeleton Inc.; 1:1,000), and TAZ (1:1000) were incubated overnight in blocking buffer with 0.1% tween-20. Proteins were identified by IRDye 800-or 680 (LI-COR Biosciences)-conjugated secondaries incubated in blocking buffer with 0.1% tween-20 and 0.01% SDS. Fluorescent Western blots were imaged using a LI-COR Odyssey imager. Protein expression was normalized to total protein loading detected by REVERT total protein stain (LI-COR Biosciences). Quantification was performed using Image Studio Lite (LI-COR Biosciences).
RT-qPCR
Total RNA was isolated and purified using the RNeasy mini kit (qiagen). 0.5 µg of total RNA was reversed transcribed using the TaqMan reverse transcription kit (Life Technologies) using the manufacturer's instructions in a thermal cycler eco (Eppendorf). cDNA was mixed with iTaq Universal SYBR supermix (Biorad) and 0.4 µM forward and reverse primers in wells of 96-well PCR plate (Table 1 ; Biorad), followed by amplification and quantification with in a CFX connect real-time PCR system (Biorad).
Microscopy and image analysis
Epifluorescence images of fixed samples were taken on either a Leica DMi8 equipped with a monochromatic DFC365 FX (Leica) or Zeiss Axio Observer equipped with a monochromatic Axiocam 702 (Zeiss) at 23°C using 5× (NA: 0.16), 10× (NA: 0.3), 20× (NA: 0.8), 40× (NA: 0.6), and 63× (NA: 1.2) Chroma objectives. Data acquisition was performed using either Leica Application Suite X (LAS X) or ZEN imaging suite (Zeiss).
All image analysis (morphometrics, intensity measurements, and individual cell tracking) were performed using an open access National Institutes of Health (NIH) software platform, FIJI (Schindelin et al., 2012) . Live migration tracking was performed using a semiautomated tracking algorithm, TrackMate (Tinevez et al., 2017) . Cells within 100 µm of the leading cell were considered front cells; all other cells were considered trailing.
Golgi polarization relative to wound edge was found by finding the angle between the horizontal direction of migration and the position vector between the centroid of nuclei and the associated Golgi in MATLAB using positional information obtained in ImageJ (NIH). Leading edge cells were defined as cells with 50 µm of the front-most cell.
YAP and TAZ activation as a function of cell density was performed on images of cells up to 1.2 mm from the actively migrating front. Images were binned into adjacent 100-× 950-µm ROIs, starting at the leading cell. Total and activated YAP or TAZ is the total integrated fluorescent intensity in an ROI, with or without the nuclear fraction digitally removed. Cell area in an ROI is the average area of five cells per ROI, and density is the number of DAPI-stained nuclei across the ROI.
Fluorescent intensity of immunocytochemistry was measured in epiflourescent images. Single-cell fluorescence was measured in cells with minimal cell contact, at the leading edge, whereas FA morphometrics were performed in sparsely plated cells. Florescent intensity measurements were taken from cells across at least two independent experiments; measurements were taken from each sample and normalized by the average intensity of the control for the experiment.
Statistics
All statistical analyses were performed on GraphPad Prism 6 statistical analysis package. Data are presented with data points were possible and mean ± SEM or box plots representing interquartile range with whiskers at minimum/maximum. Multiple comparisons were made using ANOVA with Tukey's post hoc test for pairwise comparisons of normally distributed homoscedastic data. Data were assumed to fit the ANOVA assumptions if the residuals of a dataset were normally distributed. Data that did not meet the ANOVA criteria were analyzed by Kruskal-Wallis with Dunn's post hoc test. Repeated significance indicator letters (e.g., a-a) signify P > 0.05, while groups with distinct indicators (a vs. b) signify P < 0.05. Letters denote significant differences between groups, P values <0.05 were considered significant, and exact P values for the comparison with highest significant P value is recorded in the figure legend. Comparisons between two datasets were made using Student's unpaired two-tailed t test, where asterisks denote significant differences where exact P values are reported in the figure legend.
Online supplemental material Fig. S1 shows YAP and TAZ localization is sensitive to PA hydrogel rigidity in ECFCs. Fig. S2 shows that YAP and TAZ RNA expression are not significantly altered during cell migration and that YAP and TAZ do not act through expression of the growth factors CTGF, Cyr61, or SERPINE1 to promote ECFC motility. Fig. S3 shows that YAP and TAZ regulate cell morphology and FA morphology and composition and that these changes can be reversed by myosin inhibition. Fig. S4 shows that NUAK1/2 inhibition is able to partially restore cytoskeletal remodeling in YAP/TAZ-depleted cells and that depletion of YAP, TAZ, and NUAK2 together produces a similar amount of depletion as YAP and TAZ depletion alone. Fig. S5 shows that 2 µM VP can reduce the expression of YAP, TAZ, and the YAP/TAZ target genes CTGF, Cyr61, SERPINE1, and NUAK2. Also shown is that VP produces a similar cytoskeletal effect as transcriptional inhibition and YAP/TAZ depletion. Videos 1, 2, and 3 show live cell migration of siControl (EGFP) and siYAP/TAZ (mTomato) during collective cell migration. Videos 4 and 5 are phase contrast videos of siControl (Video 4) and siYAP/TAZ (Video 5) cell migration and show that YAP/TAZ-depleted cells have distinct protrusions that remain as the cell retracts from its current position.
